Levels and patterns of genetic diversity can provide insights into a population's history. In species with sex chromosomes, differences between genomic regions with unique inheritance patterns can be used to distinguish between different sets of possible demographic and selective events. This review introduces the differences in population history for sex chromosomes and autosomes, provides the expectations for genetic diversity across the genome under different evolutionary scenarios, and gives an introductory description for how deviations in these expectations are calculated and can be interpreted. Predominantly, diversity on the sex chromosomes has been used to explore and address three research areas: 1) Mating patterns and sex-biased variance in reproductive success, 2) signatures of selection, and 3) evidence for modes of speciation and introgression. After introducing the theory, this review catalogs recent studies of genetic diversity on the sex chromosomes across species within the major research areas that sex chromosomes are typically applied to, arguing that there are broad similarities not only between male-heterogametic (XX/XY) and female-heterogametic (ZZ/ZW) sex determination systems but also any mating system with reduced recombination in a sex-determining region. Further, general patterns of reduced diversity in nonrecombining regions are shared across plants and animals. There are unique patterns across populations with vastly different patterns of mating and speciation, but these do not tend to cluster by taxa or sex determination system.
Introduction
Genetic diversity refers to variations in DNA between individuals in a population. Instead of studying the absolute number of individuals in a population, the census population size, studies of genetic diversity only capture signals of genetic variation from individuals in the population who passed on their genetic material, the effective population size, N e (Wright 1931) . The effective population sizes of males and females can be different if there is sex-bias in reproductive success, and together these affect the sex-averaged effective population size (Caballero 1995) . Further, the effective population size of different genomic regions will vary if any region is inherited in a sex-biased or sex-exclusive manner. In animals with chromosomal sex determination there are typically four genomic regions in which diversity can be investigated: The autosomes, the mitochondrial DNA (mtDNA), and the sex chromosomes, typically X and Y or Z and W (Boxes 1 and 2). In plants, there is additionally the chloroplast genome. An example of computing genetic diversity is shown in Box 2. A benefit is that the variations in diversity between genomic regions, relative to neutral equilibrium expectations ( fig. 1 ), can be used to distinguish between alternative demographic scenarios. A limitation is that typically there is not a homologous recombination across part or all of the Y or W chromosome, nor on the mtDNA, so effectively, each of these regions adds only a single linked marker to the analysis (Balloux 2010) . The mtDNA has an added complication of sometimes being heteroplasmic, which will not be discussed here, but on which there is a growing literature (Payne et al. 2013; RebolledoJaramillo et al. 2014) . The first half of this review presents the expectations for patterns of neutral diversity under equilibrium (equal contributions of the sexes) extended with how selection and demography can alter these expectations. Then empirical observations of diversity on sex chromosomes across species are discussed, including how these fit, or deviate from, neutral expectations. In particular, one highlight of this review is that even with the mounting genomic data, most analyses of diversity on the sex chromosomes do not yet adequately distinguish between neutral and selective explanations for the observed data. Rather most studies that include genetic variation on the sex chromosomes address just one of these three areas: 1) Mating patterns and sex-biased variance in reproductive success, 2) signatures of selection, and 3) evidence for modes of speciation and introgression. one type of egg (all eggs will typically have one copy of each autosome and one X chromosome) whereas XY individuals can make two types of sperm (typically sperm will have one copy of each autosome, but can have either an X or a Y). XX/XY is used as shorthand to refer to all male-heterogametic sex determination systems and does not imply that the X or Y chromosomes are of the same origin. Further, systems with complex XY or multiple X and Y chromosomes are still considered male heterogametic if the sperm-producing individuals can make gametes with different sex chromosome complements (e.g., the platypus, where males have ten sex chromosomes and can make a sperm with either five X chromosomes or five Y chromosomes).
Female heterogamety (ZZ/ZW):
A sex-determination system in which females have sex chromosomes of different shapes and/or compositions. ZZ refers to the typical sex chromosome pair males: A pair of sex chromosomes that can recombine over their entire lengths. ZW refers to the typical sex chromosome pair in females: The pair of sex chromosomes that has a region of recombination suppression between them, and one of which (the W chromosome) is inherited in a female-specific way. ZZ individuals can make only one type of sperm (all sperm will typically have one copy of each autosome and one Z chromosome) whereas ZW individuals can make two types of eggs (typically eggs will have one copy of each autosome and will have either a Z or a W). ZZ/ZW is used as shorthand to refer to all female-heterogametic sex determination systems.
UV sex determination: A sex determination system in which the haploid females have one sex chromosome (U) and the haploid males have the other sex chromosome (V), and the genomes of diploid individuals have both the U chromosome and the V chromosome, with a region of suppressed recombination between the U and V chromosomes.
Fast-X/fast-Z: The theory and observation that divergence on the X chromosome (or Z chromosome) is faster than corresponding divergence on the autosomes. Many factors may result in a fast-X or fast-Z, including that these chromosomes are hemizygous in one sex, and so if recessive alleles are common, selection will be able to act on these alleles faster on the X or Z when it is hemizygous than it would on autosomal chromosomes where the phenotypes of de novo recessive alleles will be masked. Fast-X/fast-Z theory and observations are reviewed in Meisel and Connallon (2013) .
Large-X/large-Z effect: The theory and observation that alleles with the largest effect on hybrid sterility and inviability will be on the X chromosome or the Z chromosome (Coyne and Orr 1989) . The large-X and large-Z effects are expected to be a result of the evolutionary mechanisms driving fast-X/fast-Z.
Sexually antagonistic selection:
When an allele results in a trait that increases fitness (reproductive success) in one sex but reduces fitness in the other sex.
Heteroplasmy: Existence of genetically distinct organelles within an individual. Though the mitochondria have a haploid genome, there can be multiple genetically distinct mitochondria in a cell, or within an individual, resulting in heteroplasmic sites that are variable across distinct mtDNA (distinct from heterozygous sites that are variable across homologous chromosomes).
Genetic Diversity on the Sex Chromosomes GBE Genome Biol. Evol. 10(4):1064-1078 doi:10.1093/gbe/evy039 Advance Access publication February 21, 2018 number of offspring, the diversity across the autosomes, X chromosome, Y chromosome, and mtDNA are expected to mimic their relative numbers in the population, governed by genetic drift (Charlesworth 2009 ) (expectations are also similar for the Z and W chromosomes; fig. 1 ). In sexually reproducing populations, the effective size of the entire population is a combination of the effective population size of each sex (Caballero 1995) .
Demography
Both sex-independent and sex-biased demography will affect neutral diversity on the sex chromosomes (Box 3; fig. 2 ). Because the sex chromosomes and the autosomes have different effective population sizes, a population bottleneck that affects males and females equally will reduce diversity more on the X chromosome than on the autosomes (Pool and Box 2: Calculating Genetic Diversity There are two main measures of genetic diversity at nucleotide sites: p and h w . p is the average number of pairwise differences. h w is the number of segregating sites, S, divided by a correction for the number of sequences analyzed, a n . Both p and h w are routinely computed per site to normalize for the total number of nucleotides analyzed. In this example, we will go through the equations for p and h w , then apply to an example with sequences.
The equation for p calculates the number of difference between all pairs of sequences, i and j, then takes the average across all pairs of comparisons across the n sequences analyzed:
The equation for h w for first counts the total number of sites that vary in any individual, then divides by a correction factor to take into account the total number of sequences, n, analyzed.
In both cases, p and h w can be divided by the total number of sites analyzed. Normalizing by the total number of sites analyzed makes both estimates more readily comparable across genomic regions analyzed and especially across studies that may have looked at different total numbers of nucleotides.
To see how these work, let us consider the n ¼ 4 sequences below: 
To compute h w we first compute the total number of sites that segregate in the population, S: S ¼ 5 (columns where the nucleotides are not identical across all sequences).
Then, we compute a n for our n ¼ 4 sequences:
If we want to compute p and h w per site, we divide both estimates by the total number of nucleotides analyzed (in this case, 12 nucleotide sites): p/site ¼ 2.83/12 % 0.236, h w /site ¼ 2.72/12 % 0.227.
Wilson Sayres
Nielsen 2007). However, because of its smaller effective population size, the X chromosome will also recover from a bottleneck faster than the autosomes (Pool and Nielsen 2007) . Similarly, simulations suggest that haplotype diversity will recover faster on the Y chromosome and mtDNA than on the X chromosome after a bottleneck (Lawson Handley et al. 2006) , likely because of their smaller effective population size. This means that inferring the time since a population-wide bottleneck can be extremely important for accurately interpreting patterns of diversity between the X chromosome and the autosomes for avoiding inference of sex-biased demographic events.
That said, sex-biased demography is expected to dramatically shape variation across the sex-chromosomes relative to the autosomes (Box 3; fig. 2 ). High variance in reproductive success-meaning that, on average, the number of individuals of one sex contributing their genetic material to the next generation is smaller than the number of individuals of the other sex passing on their DNA-can tremendously affect relative diversity between genomic regions (Wilson Sayres et al. 2014) . Nonrandom mating that increases variance in reproductive success in one sex (but not monogamous nonrandom mating) is expected to affect genetic diversity on the sex chromosomes versus the autosomes relative to randomly mating populations (Evans and Charlesworth 2013) . Population structure and migration can also occur in a sexspecific way, leaving a signature on the genome (Laporte and Charlesworth 2002) .
Selection
Selection can increase or decrease patterns of diversity across the genome, and theory predicts that the evolution of sexually antagonist traits and sexual dimorphism may especially shape variation on the sex chromosomes (Rice 1984; Charlesworth et al. 1987) . Both purifying and positive selection are expected to reduce diversity in and near selected regions. Purifying (or negative) selection acts to decrease the frequency of alleles 
Numbers of Males and Females
In male-heterogametic systems, we can compute the effective population size of each chromosome type (N auto , N chrX , N chrY , and N mtDNA ), for variable male and female effective population sizes (N m and N f ) (for details see, e.g., Hartl and Clark 1997) :
Alternatively, in female-heterogametic systems, the effective 
The results of applying these equations are visualized in figure 2.
FIG. 1.-Expected sex chromosome diversity. For understanding and interpreting patterns of diversity across the genome, we start with expectations of diversity under equilibrium demographic scenarios (equal and constant male and female populations sizes) and under the assumption that diversity in the regions we are looking at are neutral, that is, they have not been shaped by natural selection. Here diversity will be represented by p, the average pairwise difference between individuals. These neutral equilibrium expectations for diversity differ for each region of the genome and are expected to be proportional to the frequency of each region in the genome. For the mtDNA, although all individuals have mtDNA, it is only inherited through eggs, and so the only genetic evidence for mtDNA is from the mtDNA passed on through the genetic female lineages. Because overall population sizes differ, neutral equilibrium expectations for diversity, measured by p, are shown for the X or Z chromosome, the Y or W chromosome, and the mtDNA, relative to autosomal diversity. Chloroplast DNA is not shown but behaves similar to the mtDNA. that result in traits that decrease fitness, reducing diversity in the associated region, as well as reducing diversity in linked neutral regions near the deleterious mutation (Charlesworth et al. 1993; Charlesworth 2012 ), a process called background selection. Positive selection will increase the frequency of alleles that result in traits that increase fitness, reducing diversity in this region as well as reducing diversity in linked neutral regions near the beneficial mutation via a process called genetic hitchhiking (Smith and Haigh 1974) . Both noncoding regions (Yu et al. 2015) and regions of the genome that have previously been described as unconstrained (Lohmueller et al. 2011 ) may be affected by natural selection. However, because the effective population sizes of the autosomes and sex chromosomes are different, linked selection will impact patterns of genetic diversity differently across the genome (Hammer et al. 2010; Gottipati et al. 2011; Arbiza et al. 2014) . In contrast to purifying and positive selection, balancing selection is expected to maintain genetic diversity at a locus and nearby linked sites (Charlesworth 2006) . But, although there are many studies of balancing selection on the autosomes (DeGiorgio et al. 2014) , and balancing selection is important across species (e.g., for maintenance of selfincompatibility and other features as reviewed in Delph and Kelly [2014] ), the relative effects of balancing selection on the sex chromosomes versus the autosomes have not been thoroughly investigated. The maintenance of separate sex chromosomes is, in itself, a form of frequency-dependent selection (reviewed in Charlesworth [2006] ). Additional discussion of mutation bias and selection, particularly positive selection, on the X versus the autosomes and observations across species can be found in Vicoso and Charlesworth (2006) .
Mutation Rate Variation
When measuring patterns of genetic variation across the genome, one must consider that mutations will accumulate at different rates across genomic regions. One major source of variation is male mutation bias (reviewed in Hurst and Ellegren [1998] and Ellegren [2007] ). If most mutations are the result of errors during replication, and there are more germline cell divisions in the production of sperm than egg by the time of reproduction, then we expect more mutations will be inherited from sperm than egg, resulting in a male mutation bias (Miyata et al. 1987 ). This has consequences for the accumulation of mutations across genomic regions because the sex chromosomes and autosomes spend different amounts of time in the male and female germlines. In species with male heterogamety, the Y chromosome is inherited only via sperm, and so is expected to accumulate more mutations than the autosomes (inherited in equal ratios from males and females), which are both expected to have higher mutation rates than the X chromosome, which spends two-thirds of its time in the Relative estimates of diversity uncorrected for mutation rate variation between the sex chromosomes and autosomes are plotted for male and female heterogametic systems under varying assumptions of mutation rate differences between males and females. Uncorrected relative diversity ratios are plotted under hypothetical situations where the underlying ratios reflect neutral diversity (expected 0.75 for X/A and Z/A, and 0.25 for Y/A and W/A) but are biased by mutation rate variation across chromosome types. Expected relative diversity, uncorrected for mutation rate variation, is plotted for constant populations with no variance in reproductive success, first assuming equal mutation rates between males, l m , and females,
, and then with increasing levels of male mutation bias (a ¼ 2, 3, and 4). Diversity uncorrected for mutation rate variation on the X or Z chromosome relative to autosomes is plotted in shades of blue, and diversity uncorrected for mutation rates on the Y or W chromosome relative to the autosomes is plotted in shades of red. Male heterogametic systems (X and Y) are plotted using solid lines, and female heterogametic systems (Z and W) are plotted using dotted lines.
female germline ( fig. 1 ). Alternatively, for species with female heterogamety, the female-specific W chromosome is expected to have the lowest mutation rate in the genome. This is because the W spends the least amount of time in the male germline (and thus will accumulate fewer replicationdependent mutations), while the autosomes are expected, again, to exhibit an intermediate mutation rate, and the Z chromosome is expected to exhibit the highest mutation rate because it spends two-thirds of its time in the male germline ( fig. 1 ). Male mutation bias has been documented across mammals (Wilson Sayres et al. 2011) , birds (Axelsson et al. 2004) , fish (Ellegren and Fridolfsson 2003) , and in at least one Drosophila species (Bachtrog 2008) . When measuring patterns of diversity across the genome, it is important to correct for the different mutation rates in each region to avoid overor underestimating the accumulation of variation ( fig. 3 ).
Recombination
There is a positive correlation between rate of recombination and observed diversity (Nachman et al. 1998; Payseur and Nachman 2002) . While debate continues, at least a portion of the positive correlation between rates of recombination and genetic diversity are due to the interaction of recombination and natural selection (McGaugh et al. 2012) . Four major processes are expected to reduce the effective population size nonrecombining regions in the presence of selection, and thus, observed diversity: Muller's ratchet, Hill-Robertson effect with weak selection, background selection, and hitchhiking (reviewed in reference to the Y chromosome in Charlesworth B and Charlesworth D [2000] ). Rates of recombination vary across the autosomes, sex chromosomes, mtDNA, and chloroplasts, suggesting that at least some of the variation in observed patterns of diversity could be due to the absence or presence of recombination. Further, sex chromosomes are not always entirely sex-specific.
Pseudoautosomal regions are recombining sex-linked regions that maintain homologous sequence between the sex chromosomes (reviewed in Otto et al. [2011] ). These regions, then, are expected to exhibit rates of recombination, mutation accumulation, drift, and selection that are distinct from the regions of sex chromosomes that are not shared (e.g., X-or Z-specific and Y-or W-specific) and should be analyzed separately. But, pseudoautosomal regions are not static, sometimes changing in length dramatically across species (Raudsepp et al. 2012) , and genetic diversity may not support a strict pseudoautosomal boundary (Cotter et al. 2016) . Given the variation in presence, absence, and length of pseudoautosomal regions, when analyzing sex-linked diversity, it is extremely important to ensure the regions being analyzed are entirely sex-linked. However, given the paucity of analysis of diversity in pseudoautosomal regions, they will not be further discussed here.
Interpretations
The effects of selection and demographic history can easily be confounded (reviewed in Li et al. [2012] ). Sexual selection can lead to high variance in reproductive success, which ultimately affects genome-wide patterns of diversity between the sex chromosomes and the autosomes, as has been suggested in analyses of Z-linked versus autosomal diversity in birds (Corl and Ellegren 2012) . Although evidence for selection has been inferred by comparing rates of polymorphism to divergence (McDonald and Kreitman 1991) , this test can be biased by nonconstant effective population sizes (Eyre-Walker 2002) and may be especially difficult to use to compare between the sex chromosomes and the autosomes. In particular, purifying selection has been inferred to significantly affect genealogical structure across the human X chromosome (O'Fallon 2013). Tajima's D (Tajima 1989 )-used to infer deviations from neutrality by comparing two different measures of genetic diversity, the number of segregating sites, s, and the average number of pairwise differences, p-is also sensitive to demographic changes, particularly population expansions and bottlenecks (Tajima 1996) . High variance in male reproductive success, common in both mammals and birds (Greenwood 1980) , can especially skew the effective population sizes of the X chromosome, Y chromosome, and mtDNA relative to the autosomes (Wilson Sayres et al. 2014 ) and should lead to cautious interpretations of Tajima's D between genomic regions.
Predominantly, diversity on the sex chromosomes has been used to explore and address one of three research areas: 1) Mating patterns and sex-biased variance in reproductive success, 2) signatures of selection, and 3) evidence for modes of speciation and introgression. In the remainder of this review, interpretations of patterns of genomic diversity are discussed broadly by taxa focusing predominantly on these three areas, acknowledging that the confounding effects of drift and demography, selection, and mutation on genetic diversity are typically not considered together.
Mammals
Genetic diversity on the sex chromosomes in humans has been recently reviewed (Webster and Wilson Sayres 2016) . Briefly, however, genetic variation in humans, as with many species, is routinely compared between the Y chromosome and mtDNA (see Shan et al. 2014; van Oven et al. 2014; Vilar et al. 2014) or between the X chromosome and autosomes (see Hammer et al. 2008; Keinan and Reich 2010 b; Gottipati et al. 2011) to make inferences about evolutionary forces shaping population history (Aim e et al. 2015) . In humans, neutral explanations for variation in diversity include sexbiased migration and sex-specific variance in reproductive success (Heyer et al. 2012) . That said, both purifying (O'Fallon 2013) and positive (Dutheil et al. 2015) selection are certainly acting on X-linked variation (Veeramah et al. 2014 ) and will affect inferences of demography if not completely accounted for. Furthermore, different measurements of genetic variation will capture the effects of demography on different timescales and could lead to contradictory interpretations of the same data (Emery et al. 2010) . What is agreed upon is that there are differences in the ratio of X-linked to autosomal diversity relative to neutral equilibrium expectations across human populations Keinan et al. 2009; Keinan and Reich 2010a) , and that the historical effective population sizes of males and females are not the same (Wilder et al. 2004; Karmin et al. 2015) .
Curiously, the pattern of X/A diversity with increasing distance from genes is not the same across the great apes; the ratio of X/A diversity is extremely low relative to neutral expectations ( fig. 1 ) in gorillas and orangutans in windows near and far from genes, and the ratio of X/A diversity in the bonobo, while not as reduced as the former species, is also relatively constant across windows with increasing distance from genes (Prado-Martinez et al. 2013 ). Further, natural selection has appeared to have left long regions of low genetic diversity across the X chromosome in all great apes (Hvilsom et al. 2012; Nam et al. 2015) .
In contrast to the great apes, in tonkean macaques, reported ratios of diversity on the X chromosome to the autosomes are lower (but not necessarily significantly lower) than neutral expectations under an assumption of equal sex ratios (Evans et al. 2014) . Curiously, however, in the crab-eating macaque, the ratio of X/A diversity is significantly below 0.75 and could only be explained by a combination of sexbiased mutation rate variation, sex-biased demography, and selection acting on the X chromosome (Osada et al. 2013 ). Thus, even among closely related taxa, patterns of sex-linked to autosomal variation can be very different. In these cases, including Y-linked or mtDNA may help illuminate whether the observed patterns are primarily driven by selection on the X chromosome in the crab-eating macaque (in which case ratios of Y-linked to autosomal and mtDNA to autosomal variation would be near neutral expectations), or whether population history is driving the patterns.
Despite the multiple evolutionary pressures acting on the nonrecombining human Y chromosome (with caveats similar to using mtDNA [Balloux 2010]) , relationships between Y chromosomes, based on shared and derived genetic diversity, are routinely used to infer the peopling of the world (Cruciani et al. 2011; Barbieri et al. 2016) , including ancient population structure (Scozzari et al. 2014 ) and recent population expansions (Hallast et al. 2015; Poznik et al. 2016 ). There have been many studies (over 1,000 entries returned in PubMed at the time this article was written) of variation on any single sexlinked region across humans, including a review of X-linked population variation (Schaffner 2004) , and many studies of just Y-linked or mtDNA variation, so when possible this review focuses on discussions of patterns of sex-linked diversity where at least two loci are compared.
One concern about using the Y chromosome alone to infer demographic history is that, as a single linked marker, natural selection acting anywhere on the nonrecombining portion of the Y chromosome will affect all Y-linked loci. Other studies have identified a male-specific bottleneck that coincided with a global change in culture (Karmin et al. 2015 ) and significant natural selection (Poznik et al. 2016) . Genome-wide comparisons of autosomes, X-linked, Y-linked, and mtDNA loci showed that Y-linked genetic diversity is extremely low in both African and European populations relative to neutral equilibrium expectations, and only by analyzing the entire genome could it be determined that both natural selection (purifying selection seemed the most consistent with the data, and had previously been observed on the human Y chromosome; Wilson and Makova 2009) along with sex-biased demography were required to explain the observed reduction (Wilson Sayres et al. 2014) . Notably, because it is a single, nonrecombining marker, one divergent Y chromosome haplotype can make a large change in estimates of the most recent common ancestor for this region (Mendez et al. 2013; Poznik et al. 2013; Wilson Sayres 2013) .
Similar to humans, the ratio of Y-linked diversity relative to autosomal diversity is much lower than 0.25 in most chimpanzee subspecies, across gorillas, and across orangutans (Hallast et al. 2016) . In these great apes, lower Y relative to autosomal diversity than expected is interpreted as evidence of sex-bias in reproductive success. In contrast, two independent analyses report higher than expected diversity across bonobo Y chromosomes (Stone et al. 2002; Hallast et al. 2016 ). Comparisons of X-linked versus autosomal variation in bonobos could suggest whether bonobo genomes reflect their matriarchal population (Sommer et al. 2011 ) and could explain their high Y-linked diversity.
Bonobos nonwithstanding, Y-linked nucleotide variation is typically low in mammals (though, in contrast, copy number variation can sometimes highly polymorphic [Lucotte et al, 2017; Ye et al, 2017] ). Y chromosome diversity is reported to be lower than neutral expectations in lynx, wolf, reindeer, cattle, and field vole (Hellborg and Ellegren 2004) , and across Felidae (tiger, leopard, Asian leopard cat, fishing cat, Asian golden cat, and marbled cat; Luo et al. 2007 ). It is not yet clear whether this trend is due to high variance in male reproductive success, natural selection acting on the nonrecombining Y chromosome, or both. Y chromosome variation is especially low on the Y chromosomes of domesticated species, but this is likely due to artificial breeding and founder events, including purebred dogs (Bannasch et al. 2005) , cattle (Yue et al. 2015) , and in horses (Lindgren et al. 2004; Wallner et al. 2013) . Genetic variation across dog Y chromosomes is highly structured across the globe, with the most diversity in dog Y chromosomes in Africa, but also high levels of Y-linked variation in India, East and Southwest Asia (Shannon et al. 2015) . Differences in genetic diversity across the X chromosome, Y chromosome, and autosomes between domesticated horses and Przewalski's horse suggest that there was a recent bottleneck in the male lineage in both populationsconsistent with fixed Y-linked differences between them (Wallner et al. 2003) . But, the two populations do not form monophyletic groups based on autosomal and X-linked variation (Lau et al. 2009 ). Thus, while an analysis of Y-linked regions alone may have implicated high divergence between domesticated horses and Przewalski's horse, inclusion of autosomal and X-linked loci suggests that there has been significant gene flow.
Birds
All birds have a homologous ZZ/ZW female-heterogametic sex determination system (Zhou et al. 2014) , with variable levels of divergence between the Z and W chromosomes (Wang et al. 2014) , and provide a test of general features of sexlinked diversity. A neo-sex chromosome system (a fusion between 10 Mb of zebrafinch chromosome 4a with both the Z and the W chromosomes) was identified in three passerine bird species in the Sylvoidea clade (common whitethroat, the great reed warbler, and the skylark) and not in two outgroups, the goldcrest and the blue tit (Pala, Naurin, et al. 2012 ). The transition from autosomal linkage to sex linkage was accompanied by a reduction in diversity at Z-linked loci relative to autosomal loci, though the reduction ranged from a Z/A ratio of 0.01 in the great reed warbler to only 0.82 in the common whitethroat (Pala, Hasselquist, et al. 2012) . These variations could be due to the fact that the sequences studied were introns, and so may have been affected strongly by selection.
Ratios of Z-linked to autosomal diversity have been used to infer modes of speciation, mating patterns, and selection across birds. Patterns of diversity and divergence across the Z chromosome (relative to autosomes) in mallards versus Mexican ducks are consistent with the Z chromosome playing a disproportionately large role in speciation, a large-Z effect (Box 1), even when patterns of population demography and the differences in chromosome-specific effective population size are considered (Lavretsky et al. 2015) . A joint inference of Z-linked and autosomal diversity across exons and introns in the vinaceous rosefinch and the Taiwan rosefinch was used to infer that these two populations diverged about 0.5 Ma, and that the effective population size of males is five times lower than that of females for both populations (Chu et al. 2013 ). Zlinked diversity across microsatellites was significantly lower than autosomal diversity in three populations of Siberian jays, suggesting that these populations experience male-biased dispersal across populations (more mixing of Z chromosomes than autosomal loci in these female-heterogametic species; Li and Meril€ a 2010). Genetic diversity on the Z chromosome relative to the autosomes in three independent contrasts of shorebirds (least sandpipers vs. white-rumped sandpipers, western sandpipers vs. pectoral sandpipers, and red-necked phalaropes vs. Ruffs) was consistent with a reduced effective population size of males relative to females in polygynous species when compared with species that are typically monogamous (Corl and Ellegren 2012) . Similarly, genetic diversity on the Z chromosome relative to the autosomes was also greatly reduced relative to expectations of 0.75 ( fig. 1 ) in two species of polygynous sage-grouse (0.38 in Centrocercus minimus, 0.48-0.59 in two populations of Centrocercus urophasianus; Oyler-McCance et al. 2015) . Given that these are polygynous populations, the small effective numbers of males relative to females ( fig. 2 ) may explain the low Z/A diversity in one or both species. Selection can also be acting to reduce Zlinked diversity relative to the autosomes, but was not investigated in this case. In addition to demography and selection, genetic drift, which is expected to be stronger in smaller populations and has been suggested to explain at least some observations of fast-Z (Mank et al. 2010) , may also explain lower Z-linked and W-linked diversity relative to autosomal diversity. In all cases, further data collection and analysis is needed to disentangle the possible drivers of reduced Z/A diversity.
Heterozygosity within individuals among RADseq reads covering about 3.3% of the genome was used to compare Z-linked and autosomal variation in eight phylogenetic pairs of sexually dichromatic birds (where male and female birds have highly sex-differentiated color patterns) versus monochromatic birds (Huang and Rabosky 2015) . If sexually dichromatic birds are the result of intense, and maintained, sexual selection, one might expect to see reduced Z/A diversity in sexually dichromatic birds relative to monochromatic birds. In contrast, the authors observed that the Z/A diversity ratio was consistently lower in monochromatic birds than in sexually dichromatic birds, sometimes lower than theoretical minimums for unconstrained regions (Huang and Rabosky 2015) . Low Z/A ratios could occur, in part, if the RADseq predominantly captured sequences affected by selection, but there is no reason to expect that this technical artifact would disproportionately affect the monochromatic species.
Although the Y chromosome is used to study male-specific population history, the W chromosome also holds information about female-specific population history, but is much less studied than Z-linked or autosomal loci. Genetic diversity across genomic regions from 96 females in four species of flycatchers (collared flycatcher, pied flycatcher, semicollared flycatcher, and Atlas flycatcher) and an outgroup (red-breasted flycatcher) reported extremely low W-linked variation; genetic diversity is 8-13 times lower for W-linked loci than for autosomal loci (Smeds et al. 2015) . Extremely low W chromosome diversity has also been reported for chicken Moghadam et al. 2012 ). It is not yet known whether low W-linked diversity is driven primarily by selection or demography.
Drosophila and Lepidoptera
All investigated species of Drosophila are maleheterogametic, and while there have been fusions, Drosophila species that have been studied share at least one large homologous sex-linked region (Muller Element A; Schaeffer et al. 2008) . Diversity in Drosophila has been used to study population structure, introgression, natural selection, and sex-biased processes. Perhaps, one of the most important lessons from diversity on the sex chromosomes in Drosophila is on the importance of genetic drift. Genetic diversity (measured using both p and s) across four loci on the X chromosome and two mtDNA loci in wild caught Drosophila pseudoobscura and Drosophila persimilis populations with samples taken 16 years apart (sampled in 1997 and in 2003) was not significantly different in either population, but Tajima's D was very different for one locus, reiterating that genetic drift over time can affect estimates of Tajima's D (Gredler et al. 2015 ).
An analysis of genetic diversity across the X chromosome and autosomes in an African population of Drosophila melanogaster (chosen because it was not expected to exhibit the extreme bottlenecks of non-African populations) confirmed that diversity is lower in regions with low rates of recombination, and that the efficacy of selection correlates positively with the rate of recombination (Campos et al. 2014 ). The X chromosome in African D. melanogaster shows a pattern consistent with increased adaptive evolution on the X chromosome (Campos et al. 2014) , also called a fast-X effect (Meisel and Connallon 2013; Box 1) . Similarly, the X chromosome is routinely underenriched for regions involved in admixture across Drosophila species (Herrig et al. 2014) , which could occur if the X chromosome harbors alleles with negative epistatic effects (Pool et al. 2012) , also referred to as the large-X effect (Box 1). A comparison of X-linked and autosomal divergence between Drosophila mauritiana and Drosophila sechellia, and diversity across the genome of D. mauritiana, also reported that X-linked divergence is increased relative to autosomal divergence, but X-linked diversity is much lower, consistent with selective sweeps acting in the X as these two populations diverged about 240,000 years ago (Garrigan et al. 2014) .
Overall, putatively neutral diversity on the X chromosome (which should not be subject to the Fast-X effect) relative to diversity on the autosomes is still lower than 0.75 in many species and subpopulations of Drosophila (e.g., D. subobscura [Herrig et al. 2014] , D. simulans [Begun et al. 2007 ], D. pseudoobscura and D. miranda [Haddrill et al. 2010] , and nonAfrican populations of D. melanogaster [Andolfatto 2001]) . Some species of Drosophila, like D. madeirensis (Herrig et al. 2014) , exhibit an X/A diversity ratio that is not significantly different from 0.75, and, curiously, African populations of D. melanogaster have typically been found to exhibit an X/A diversity ratio greater than 0.75 (Andolfatto 2001; Langley et al. 2012; Singh et al. 2013) . But, before definite conclusions can be drawn about what these ratios mean, linked selection, and its effects on diversity, must be taken into account. Analysis of X-linked and autosomal diversity far from genes in African and non-African populations of D. melanogaster did not find the striking differences in X/A diversity as previous studies, but still concluded that both population demography and selection together shape the ratio of X/A diversity (Singh et al. 2007) .
The ratio of diversity on the Y chromosome relative to the autosomes should be about 0.25, under neutral demographic scenarios, but similar to the Y in mammals and the W in birds, Y-linked diversity across Drosophila populations is routinely much lower than neutral expectations. Y chromosome diversity is exceedingly low across all D. melanogaster populations studied, some of which can be explained by population demography, but not in African populations, where recent selective sweeps are proposed to explain the low Y-linked diversity in populations from Zimbambwe and Uganda (Larracuente and Clark 2013) . Diversity is also reported to be much lower than neutral expectations in D. subobscura and D. madeirensis and is inferred to be due to linked selection-either background selection or hitchhiking-because corresponding X/A ratios in these species are not consistent with extreme variance in male reproductive success (Herrig et al. 2014) . In contrast, a study of Y-linked diversity in D. simulans reported only a single polymorphism in ten lines (Zurovcova and Eanes 1999) , but the authors ruled out background selection because of the limited number of genes on the D. simulans Y chromosome; further investigations are needed to determine whether this low Y variation in D. simulans is due primarily to selection or extreme variance in male reproductive success.
Patterns of low Y-linked diversity can also extend to neo-Y chromosomes (a neo-sex chromosome is an old sex chromosome to which an autosome has recently been fused). Genetic diversity is reduced on the neo-Y chromosome in D. miranda relative to the neo-X chromosome at single nucleotide markers (Yi and Charlesworth 2000) and microsatellite loci (Bachtrog and Charlesworth 2000) relative to neo-X loci. In contrast, analyses of the genetic diversity on the neo-Y chromosome in D. albomicans did not find low Y-linked diversity (Satomura and Tamura 2016) . It is possible that the results of these studies may be reconciled by considering the effects of time since total recombination suppression on the Y chromosome (the neo-Y in D. albomicans is about 0.5 Myr old [Lin et al. 2008] , whereas the D. miranda neo-Y is approximately double that age, at about 1 Myr old [Bachtrog and Charlesworth 2002] ), or there may be unique species-specific demography that affected sex-linked diversity differently in these species.
Understanding variation on the Y chromosome is also important for comprehensive characterization of genome-wide variation. Natural variation on the Y chromosome in D.
melanogaster is significantly associated with change in expression for 2.84% of non-Y-linked genes (Sackton et al. 2011) , especially genes involved in the immune system and in detecting pheromones (Jiang et al. 2010) . There is also evidence that variation on the Y chromosome in Drosophila preferentially regulates tissue-specific genes and genes in repressive chromatin (Sackton and Hartl 2013) .
Genetic diversity in butterflies and moths has not yet been used to test many theoretical predictions, but, because moths and butterflies (together called Lepidoptera) have a ZZ/ZW female-heterogametic sex determination system (Kaiser and Bachtrog 2010) , they make an excellent comparison group to the XX/XY Drosophila and mosquitos. Largely, sex-linked genetic diversity in Lepidoptera has been studied to test for evidence of speciation and species interbreeding. High levels of shared genetic diversity across five loci on the Z chromosome in two species of Swallowtail butterfly species (Papilio canadensis and Papilio glaucus) were used to reject a model of allopatric speciation between them (Putnam et al. 2007) . Similarly, autosomal variation across 31 Heliconius butterflies (H. melpomene, H. cydno, and H. timareta) suggests sympatric speciation with routine admixture between species, but Z-linked loci show significantly reduced levels of admixture relative to the autosomes (Martin et al. 2013) . This is consistent with the large-Z effect that alleles involved in inter-species genetic incompatibility accumulate faster on the Z chromosome than on the autosomes (Box 1). The large-Z is expected to occur either as the result of more genetic drift on the Z relative to the autosomes or when positive selection fixes unique alleles between species on the Z faster than on the autosomes. Consistent with the latter, patterns of genetic diversity suggest a stronger signal of positive selection on the silkmoth Z chromosome relative to the autosomes (a fast-Z effect; Box 1) (Sackton et al. 2014 ). However, hemizygosity can result in several evolutionary differences between the sex chromosomes and the autosomes; in contrast to strong positive selection, low rates of evolution and diversity suggest that purifying selection is stronger on the Z than the autosomes in two satyrine butterflies (Rousselle et al. 2016) .
W-linked loci have not yet been studied extensively across Lepidoptera. Unlike the shared ancestry of the Y in mammals, or homologous W chromosomes across birds, the W chromosomes of Lepidoptera show evidence of frequent turnover (Sahara et al. 2012) , which may limit future analyses if sequencing of a reference chromosome is required. Similar to other W and Y chromosomes, Lepidoptera W chromosomes are extremely repeat-rich (Abe et al. 2005) , which is a challenge for chromosome assembly and estimates of diversity across species. But, W-linked markers from silkworm are also female-specific in the sugar cane borer (Heideman et al. 2010) , suggesting that at least some regions of this W chromosome are conserved enough to facilitate future studies of genetic diversity.
Plants
Systems of sexual reproduction, including unisexual flowers, have evolved multiple times in plants (see Westergaard 1958 and Dellaporta and Calderon-Urrea 1993) . Similarly, genetic sex determination, including sex chromosomes, has arisen several times in flowering plants (Charlesworth 2002) . As more plant genomes-and especially domesticated plantsare studied, more cases of genetic sex determination in plants are being discovered (e.g., papaya [VanBuren et al. 2015] , asparagus [Gebler et al. 2007 ], persimmon [Akagi et al. 2014] , kiwifruit [Zhang et al. 2015] , wild strawberry [Ashman et al. 2015] , spinach [Fujito et al. 2015] , hop [Neve 1958] , and wild grapes [Picq et al. 2014] ). Studying plant sex chromosomes is an opportunity to understand how sex-linkage affects evolution and sex-linked diversity in taxa with remarkably different life history and reproductive strategies than in the more broadly studied chromosomal sex determination systems of flies, birds, and mammals.
To date, the majority of analyses of sex chromosome diversity in plants has been conducted in Silene latifolia (also called the white campion), a flowering plant with a 10-20 Myr-old chromosomal sex determination system (Filatov and Charlesworth 2002) . Silene latifolia has separate sexes and male heterogametic sex determination; female plants are XX and male plants are XY with a region of the Y chromosome that does not recombine with the X (Marais et al. 2008 ). Y-linked variation is low in S. latifolia, and by comparing genetic variation on the Y chromosome, X chromosome, and autosomes, it was determined that this is likely due to selection acting on the Y chromosome rather than due to high variance in male reproductive success because the ratio of X/A diversity does not differ from equilibrium expectations (Qiu et al. 2010) . As with all genomic analyses, individual genes may deviate from chromosome-wide trends. One sex-linked gametologous pair, SIX9/SIY9, is functional on both the S. latifolia X and Y chromosomes, but the X-linked copy shows elevated levels of diversity relative to other X-linked genes, whereas the Y-linked loci have reduced diversity relative to other Y loci (Kaiser et al. 2011) . Evidence suggests that two processes, purifying selection at SIY9 and SIX9 introgression from a closely related species, Silene dioica, may together explain these two observations of unique sex-linked diversity (Kaiser et al. 2011) . Curiously, however, introgression is reduced on the Silene X chromosome, relative to the autosomes, between S. latifolia and S. dioica, suggesting that the large-X effect is also acting in plants (Hu and Filatov 2016; Box1) , although its expected effects on diversity have not been investigated.
Low Y diversity is a feature across S. latifolia populations (Muir et al. 2011 ) and the dioecious Rumex hastatulus (Hough et al. 2017) , similar to mammals, birds, and flies. Particularly in R. hastatulus, the Y diversity is 93% lower than neutral expectations but can only be explained by models of purifying selection acting in aggregate over many sites on the Y chromosome (Hough et al. 2017) , similar to the observations and models of extremely low Y-linked diversity on the human Y chromosome (Wilson Sayres et al. 2014) . There is also high differentiation between Y chromosomes of different S. latifolia populations, which is likely explained by independent reductions in Y variation across populations (Muir et al. 2011) . Unlike mammals or birds, sex determination systems vary widely among closely related species; S. latifolia is sister to a species that does not have chromosomal sex determination (Casimiro-Soriguer et al. 2015) . Such comparisons between Silene taxa will have a much larger set of genes to compare (because the S. latifolia sex chromosomes are not as degraded as those of eutherian mammals) and may lead to exciting new insights about the effects of sex-linkage on evolution.
Papaya, Carica papaya, is a trioecious species with females, males in wild populations, and hermaphrodites in domesticated populations, with corresponding sex-biased regions: XX, XY, and XY h (Na et al. 2012) . Hermaphrodites are only found in domesticated populations, whereas males occur in the wild. Curiously the hermaphrodite-specific region of the Y h is larger than the corresponding X-linked region due to retrotransposon insertions (Wang et al. 2012) , and a candidate for the region that differentiates males (XY) from hermaphrodites (XY h ) has been identified (Ueno et al. 2015) . In a striking difference relative to the expectations, analysis of genetic diversity between four X-linked and Y-linked gene pairs sampled in wild papayas observed higher diversity in the Ylinked regions than the X-linked regions (Weingartner and Moore 2012) . The authors hypothesized that this pattern could be consistent with an X-specific selective sweep that preferentially reduced diversity in the genic regions analyzed on the X chromosomes. However, further analyses of nonsynonymous polymorphism at other sex-linked genes suggest that selection may be reduced at both X-linked and Y-linked exons in papaya (Wu and Moore 2015) . Future studies of chromosome-wide genetic variation between X, Y, and Y h relative to autosomal diversity are needed to understand the unique history of selection and demography in shaping wild and domesticated papaya genetic variation.
Algae, Mosses, and Fungi
UV sex determination is a haploid sex determination system where the U chromosome occurs in haploid genetic females and the V chromosome occurs in haploid genetic males (Bachtrog et al. 2011) . Unlike male-heterogametic (XX/ XY) and female-heterogametic (ZZ/ZW) systems, in the UV sex determination system, recombination is suppressed on the sex chromosome in both sexes (Box 1). The UV sex determination system in brown algae, Ectocarpus, is estimated to be at least 70 Myr old, with evidence of reduced gene density and expression in the very small nonrecombining male-specific and female-specific regions (Ahmed 2014 ).
Although genetic diversity was not explicitly analyzed, one expects diversity to be low in both the male-and female-specific regions. Consistent with this expectation, an analysis of nucleotide diversity on the U chromosome and V chromosome in the bryophyte moss, Ceratodon purpureus, reported reduced diversity in sex-specific regions relative to autosomal regions (McDaniel et al. 2013) . But, curiously, the absence of recombination may not always lead to a reduction in diversity in the nonrecombining region. In the smut fungus Microbotryum violaceum, genetic diversity is not significantly different between the recombining and nonrecombining regions of the genome that were assayed, potentially explained by the selection against selfing in this species (Votintseva and Filatov 2011) .
Fungal mating types, though routinely multilocus, share many similarities with plant and animal sex chromosomes (reviewed in Fraser and Heitman [2005] ), including the suppression of recombination at mating type loci (Fraser et al. 2004 ). In the absence of recombination, genetic diversity is expected to be low at these mating type loci. Although genetic diversity does not appear to be low at the mating type loci in the fungus Cryptococcus neoformans (Lengeler et al. 2002) , nor in the smut fungus Microbotryum violaceum (Votintseva and Filatov 2011) , it has been hypothesized that genome-wide reductions in diversity due to extensive selfing (at least in M. violaceum) may result in a negligible difference between levels of genetic diversity in the recombining and nonrecombining regions (Votintseva and Filatov 2011) . Curiously, however, analysis of nonrecombining mating type loci across 12 species of the anther-smut fungi Microbotryum showed evidence of degeneration in the nonrecombining region, including elevated rates of nonsynonymous to synonymous substitutions, gene loss, and accumulation of transposable elements (Fontanillas et al. 2015) . Thus, future studies of genetic diversity in nonrecombining fungal mating types relative to recombining regions may yet find differences in levels of genetic diversity in recombining and nonrecombining fungal mating types that mirror patterns observed in the evolution of sex chromosomes.
In conclusion, despite abundant theory on expectations for diversity across the sex chromosomes under different evolutionary scenarios, empirical data have been often limited to a handful of loci and species. Optimistically, technological and methodological advances are providing the opportunity to make these comparisons genome-wide. As more whole genomes are being sequenced and assembled, the homogametic sex (e.g., female mammals and male birds) is still the most likely to be sequenced; but, even one sex provides the opportunity to study diversity and evolution on at least one of the sex chromosomes relative to the rest of the genome. Patterns of genome-wide diversity will continue inform about modes of speciation, population-specific demography, and selective pressures within and across species, illuminating shared and unique features of life.
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